ABSTRACT Phagocytic cells are believed to have an important role in the eradication of fungal spores from the lung. The ability of human and mouse cells to phagocytose the opportunistic fungus Aspergillus fumigatus has been examined, spores of the non-pathogenic fungus Penicillium ochrochloron being used for comparison. Most spores became associated with cells. Those of A fumigatus appeared to remain bound to the surface of the phagocyte rather than being ingested; in contrast, P ochrochloron spores appeared to be phagocytosed more readily, although they also were seen, in smaller numbers, on the cell surface. In view of the subjective nature of these observations, the effects of spore diffusates on phagocytosis were examined. Diffusates from spores of A fumigatus were shown to inhibit phagocytosis of antibody coated radiolabelled sheep red blood cells by primed mouse phagocytic cells. Diffusates of spores of P ochrochloron had no such effect. These results suggest that when spores of Afumigatus become bound to the surface of phagocytes they are able to release a substance that inhibits their ingestion while having little or no effect on surface binding.
Inhalation of spores of the opportunistic fungus Aspergillus fumigatus may lead to allergic disease in man' and in the immunosuppressed may cause life threatening infection.2 While phagocytic cells are clearly important in host defences against invading microorganisms,3'5 their precise role in the killing of A fumigatus remains undefined.6-l Phagocytosis is often an important step in the killing of microorganisms, and this has generally been assumed to be the case with inhaled fungal spores. In one study, however, no evidence of phagosome-lysosome fusion was found in relation to phagocytosis of A fumigatus, 12and recent studies from our laboratories have shown that this organism is able to produce a diffusate that significantly inhibits the respiratory burst of phagocytic cells.13 A fumigatus spores moreover, as we have suggested in a preliminary report, may be particularly resistant to phagocytosis. '4 The process of phagocytosis can be divided into two phases: (1) attachment of the particle to the cell surface, followed by (2) ingestion. Steps I and 2 are collectively referred to as cell association. Only when a particle has undergone step 2 can it be said to be phagocytosed. Nevertheless, the term phagocytosis is often used synonymously with cell association, implying that the particle is phagocytosed when the techniques used are unable to distinguish clearly between attached and ingested particles. In this paper we report further studies of the interactions between spores of A fumigatus and phagocytic cells, with particular reference to the two phases of the phagocytic process.
Methods
The study was designed to assess, by light and electron microscopy, the ability of phagocytic cells to ingest spores of A fumigatus and, for comparison, P ochrochloron. Since this assessment is necessarily subjective, a well established method of assessing the number of ingested labelled sheep red blood cells accurately has been used to investigate the effects of diffusates of these spores on the phagocytic process.
Resistance ofspores ofAsperigillusfumigatus to ingestion by phagocytic cells with an aspergilloma, and this produced about 10 precipitin lines when tested against a standard A fumigatus antigen preparation (Bencard Allergy Division).
Peritoneal exudate cells were harvested from 12 week old syngeneic C57B1/6 mice by lavaging the peritoneal cavity with isotonic saline. The mice were pretreated by intraperitoneal injection of either 3% thioglycollate broth (0 5 ml, Difco Products) four days before harvesting or Corynebacterium parvum, 0 2 ml of 7 mg/ml (Wellcome Biotechnology Limited) five days before harvesting.
FUNGAL SPORES AND DIFFUSATES
The method used was that described previously,'3 with the slight modification that after opsonisation spores of A fumigatus and P ochrochloron were used directly in the assays, suspended in RPMI-1640-5% serum.
ESTIMATION OF CELL ASSOCIATION OF FUNGAL SPORES IN VITRO
Fifty microlitres of human phagocytic cells (1 x 107/ml in RPM 1-5% autologous serum) were added to microtitre plates. At the same time control wells containing 50 p1 of RPM 1-5% serum alone were set up. To all wells 100 p1 of opsonised spores (5 x 106/ml in RPMI-5% serum) were added to give a final spore:phagocytic cell ratio of 2:1 or 1:1. To accelerate the contact process between spores and cells microtitre plates were centrifuged at 125 g for five minutes, then incubated at 37°C for one hour. After gentle mixing to resuspend sedimented spores, an aliquot of supernatant was removed and the number of free spores present was counted with an improved Neubauer counting chamber. Total spores were estimated from the number of spores in the supernatant of the control wells containing spores alone; this was used as a baseline to determine the percentage of spores becoming cell associated, the following formula being used:
/total spores -spores non-cell associatedx %ofsporescllassociated toa spre )x 100. total sporesJ All experiments were carried out in triplicate.
MICROSCOPY OF CELL-SPORE PREPARATIONS
Phagocytic cells (200 p1 of 5 x 106/ml in RPM 1-5% autologous serum) were allowed to adhere to glass microchamber slides (LAB-TEK) or glass coverslips (13 mm diameter) for one hour at 370C in 5% carbon dioxide. The coverslips were then gently rinsed twice in warm Hanks' balanced salt solution (HBSS) to remove non-adherent cells. Opsonised spores in RPM 1-5% autologous serum were added to the adherent phagocytic cells at a spore:cell ratio of 2:1-1:1 and the cultures incubated at 37°C in 5% carbon dioxide for 15 hours. After this period excess spores were removed by gently washing the cultures in warm HBSS three times. The slides were fixed in methanol and stained in May-Grinwald-Giemsa.'6 The coverslips were processed for scanning electron microscopy" by fixing at 37°C for 30 minutes in 2 5% glutaraldehyde (Sigma) in 0-1 mol/l cacodylate buffer containing 0-1 mol/l sucrose (Sigma) followed by two rinses in the buffer. The coverslips were then dehydrated in graded series of acetone-water mixtures and critically point dried with liquid carbon dioxide. This method was used because light microscopy does not differentiate between spores that have been phagocytosed and those that remain on the surface of phagocytes.
PHAGOCYTOSIS OF FUNGAL SPORES IN VIVO
C57B1/6 mice that had received an intraperitoneal injection of 3% thioglycollate (0-5 ml) four days previously were challenged intraperitoneally with 108 spores in 0-5 ml HBSS. After 1-5 hours the peritoneal cavities were lavaged with 5 ml of HBSS; the lavaged cell population with attached or ingested spores was allowed to adhere to coverslips for one hour at 37°C and was then prepared for light and scanning electron microscopy.
PHAGOCYTOSIS OF RADIOLABELLED ANTIBODY COATED SHEEP RED BLOOD CELLS
The method was based on that described by Shaw and Griffin.'8 Sheep red blood cells in Alsever's solution (Tissue Culture Service) were washed three times in phosphate buffered saline (PBS). The washed packed sheep red blood cells were radiolabelled by incubation in StCr Na2 CrO4 (108 sheep red blood cells/100 pCi 5tCr) ( Resistance ofspores ofAsperigillusfumigatus to ingestion by phagocytic cells With scanning electron microscopy a substantial number of spores of A fumigatus were found to be attached to the surface of the phagocytic cell and not internalised after incubation at 37°C for 15 hours (fig  1) . Although spores of P ochrochloron were present on the surface of the cell they appeared to be less numerous. Opsonisation of the fungal spores in sera containing specific antibody to A fumigatus did not appear to alter this finding.
CELL ASSOCIATION OF SPORES WITH MOUSE PHAGOCYTIC CELLS
A mouse model was used to examine whether the finding obtained by in vitro experimentation could be repeated in vivo. We initially examined the interaction in vitro of opsonised fungal spores with thioglycollate elicited mouse peritoneal exudate cells and found that this gave results similar to those obtained with human phagocytes (fig 2) . In vivo experiments, in which spores were injected into the peritoneal cavity of the mouse followed with lavage 1-5 hours later, once again gave a similar result. A substantial number of A fumigatus spores were seen to be bound to the surface of the cells in vivo, while spores of P ochrochloron were in general becoming ingested (fig 3) .
PHAGOCYTOSIS OF ANTIBODY COATED 5'Cr LABELLED SHEEP RED BLOOD CELLS BY MOUSE PHAGOCYTES
We measured the effect of spore diffusates of A fumigatus and P ochrochloron on the phagocytosis by C parvum stimulated mouse peritoneal exudate cells of antibody coated 5"Cr labelled sheep red blood cells. This technique has the advantage that all extracellular (non-ingested) sheep red blood cells, including those attached to the cell surface, may be removed by lysis with red blood cell lytic buffer, thereby enabling an accurate measurement of phagocytosis to be made. There was significantly more phagocytosis (p < 00005) of the specific anti-sheep red blood cells coated cells than of those coated with irrelevant mouse IgG (table 2) . This result established the validity of the technique. The 5tCr labelled sheep red blood cells coated in specific anti-sheep red blood cells antibody were used to assess the effects of the spore diffusate. Diffusates of A fumigatus inhibited phagocytosis by about 63% (p < 0.0025) while spore diffusates of P ochrochloron had no significant effect (table 2) . As a positive control we included in the assay 1 Jumigatus is its ability to colonise the human bronchopulmonary system under certain circumstances. This has allowed it to become an important pathogen in immunosuppressed patients,2 a cause of severe postinfluenzal lung infection,'9 and a coloniser of lung cavities,20 as well as provoking asthma and allergic bronchopulmonary aspergillosis in some people. This association with such a range of diseases makes it unique among fungi pathogenic to man.
Some years ago it was found that A fumigatus could be isolated from postmortem human lung more frequently than would have been anticipated from the Robertson, Seaton, Milne, Raeburn prevalence of its spores in the air.2" This led to the suggestion that it might have a specific ability to resist the natural defences of the lung; its small spore size and optimal temperature for germination (37°C) were other factors considered likely to be important. This led us to study the interactions of spores with phago- cytic cells in vitro. In a recent publication '3 we showed that spores of Afumigatus produce a diffusate containing a low molecular weight factor that inhibits the respiratory burst of neutrophils and macrophages. This factor is given off by the spores after only brief incubation, in contrast to another inhibitory substance, named gliotoxin, shown by others to inhibit phagocytosis by mouse peritoneal exudate cells.22 Since gliotoxin is produced only after three days' incubation of A fumigatus, by which time mycelial growth would be profuse, it is probably a mycelial rather than a spore derived product.
Our finding that A fumigatus spore products inhibited the respiratory burst of phagocytic cells led us to consider another important leucocyte function, the process of phagocytosis. In this paper we have shown that the spores of A fumigatus are relatively resistant to phagocytosis by human and mouse phagocytes. Initial studies, using light microscopy, did not allow differentiation of ingested and surface bound spores. Scanning electron microscopy did 470
Resistance ofspores ofAsperigillusfumigatus to ingestion by phagocytic cells show that a high proportion of spores of A fumigatus (and a lower proportion of spores of P ochrochloron) were not taken into the cell but remained bound to the surface. This remained true when cells first encounterd spores in vivo in mice. Attempts were made to quantify this, by means of enzyme stripping techniques; but it proved very difficult to remove spores from cell surfaces. Further efforts, using transmission electron microscopy, also failed as it proved impossible to differentiate between ingested spores and those sectioned between folds of the phagocyte surface membrane. In view of these difficulties in quantifying the effect, we used a reliable assay of phagocytosis, the ingestion of radiolabelled sheep red blood cells coated with antibody. This allowed lysis of any surface associated red blood cells and assay of the numbers actually ingested. Diffusates of A fumigatus, unlike those of P ochrochloron, significantly inhibited phagocytosis, thus confirming our microscopical observations. This may be the explanation of the findings of Lehrer and Jan,23 who showed that apparently "phagocytosed" spores (as judged by light microscopy) were nevertheless resistant to killing.
There is thus convincing evidence that A fumigatus spores produce one or more substances that readily diffuse from the spore surface and have an inhibitory effect on phagocytosis. Similar mechanisms by which potential pathogens may evade phagocytosis have been shown to be important to the pathogenicity of other microorganisms. 24 25 It has been suggested that evasion of phagocytosis may be a principal method by which microorganisms escape macrophage defence function. 26 The capacity of A fumigatus to resist phagocytosis may be an important factor contributing to its pathogenicity, and further studies are now taking place to characterise the diffusate and to examine other aspects of its effects on phagocytic cell function.
